A carbon starvation-responding lac fusion of the marine Vibrio sp. strain S14 was used as a reporter strain in order to identify genes critical in the regulation of the carbon starvation response. Interestingly, sequence data together with an altered phenotype with respect to the accumulation of guanosine 3,5-bispyrophosphate (ppGpp) imply that one of the genes (csrS) identified by this approach is an Escherichia coli spoT equivalent. Complementary data suggest that the function encoded by the csrS gene is essential for the successful development of starvation and stress resistance.
Natural bacterial habitats are subject to heterogeneous conditions both temporally and spatially. One of the most impressive features of microorganisms is their ability to adapt to such environmental challenges. Bacterial cells that encounter changes in concentrations of a particular nutrient usually compensate their metabolic activities by altering the expression of individual operons. However, total energy depletion is followed by a dramatic reorganization of the cell interior which, in the case of many differentiating bacteria, leads to the formation of metabolically inactive and stress-resistant spores (7, 34) . Many nondifferentiating bacteria respond to energy depletion in a similar, albeit morphologically less pronounced, fashion by formation of stress-resistant ultramicrocells. This cell differentiation-like response has been studied on a molecular level for a number of nondifferentiating bacterial species (12, 24, 35, 37, 41) , and evidence accumulated over recent years clearly indicates that this process is a highly ordered sequence of intracellular events requiring the concerted regulation of several operons (11, 13, 21, 22, 26, 27) . Carbon starvation has previously been shown to be a determinant for the successful formation of ultramicrocells and development of various stress resistances in the marine organism Vibrio sp. strain S14 (18, 30) . In order to identify the cellular components involved in the regulation of this response, mutants potentially impaired in regulation of the carbon starvation response were isolated.
Generation of a carbon starvation regulatory mutant. The previously described Vibrio sp. strain S141 csi-5::MudI(lac) fusion strain (J105) (40) was used as a recipient for a secondary transposon [mini-Tn10(Km)], and the mutants were then screened for a constitutive LacZ phenotype (Table 1) . Colonies of strain J105 are white during growth on low-glucose X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) minimal-medium plates (40) but become blue when the colony size ceases to increase as a result of glucose depletion. Overnight cultures of strain Escherichia coli SM10 pir (pLOF/Km) and J105 (grown in Luria broth [LB] and LB20 [40] , respectively, with appropriate antibiotics) were subcultured without antibiotics and grown to mid-log phase at 30ЊC with gentle shaking. A 200-l portion of the donor and a 100-l portion of the recipient strain were added to a 5-ml volume of a conjugation wash solution prepared by mixing 1 volume of marine minimal medium (40) and 1 volume of 10 mM MgSO 4 . The cell suspension was filtered onto a membrane filter (GS Millipore; 0.22-m pore size; 5 cm 2 ) and incubated on an LB15 plate (40) without antibiotics at 28ЊC for 4 h. The cells were thereafter resuspended in 1 ml of the conjugation wash solution and plated in serial dilutions on low-glucose X-Gal minimal-medium plates containing kanamycin and streptomycin at concentrations of 85 and 200 g ⅐ ml
Ϫ1
, respectively. Several colonies that failed to become blue after prolonged incubation (i.e., 48 h) were detected; these were considered mutants potentially affected in a circuit with a positive regulatory role. To identify regulatory circuits essential for the development of a successful starvation-resistant phenotype, mutants with a pronounced defect in starvation survival were sought. The ability to survive carbon starvation was measured in CFU. One of the constitutively LacZ-negative double mutants (strain P10) exhibited a significant decrease in viability in comparison with the wild type (data not shown). Southern analysis of the genomic DNA extracted from strain P10 verified that the size of a 12-kb DNA EcoRI fragment containing the original mini-Mu(lac) transposon was unaltered in comparison with the parental strain, J105. It could therefore be concluded that the mini-Tn10 insertion had occurred in a locus distinct from the csi-5::MudI(lac) locus (data not shown). To verify the failure of strain P10 in expressing the lacZ gene of the csi-5::MudI(lac) locus upon carbon starvation, a single-cell ␤-galactosidase assay with high sensitivity was used (38) . The result was consistent with that of the X-Gal plate assay and showed that no increase in ␤-galactosidase activity occurred when strain P10 was subjected to carbon starvation (4) (data not shown).
Identification of the gene interrupted by the secondary transposon in strain P10. The genomic DNA of strain P10 was digested with EcoRI, which does not cut within the sequence of the mini-Tn10(Km) transposon, and ligated into a pUC19 vector. After transformation of E. coli (XL-1 Blue) the resulting genomic library was plated on LB medium to select for kanamycin-resistant clones. Colony hybridization and restriction digestion analysis revealed that one such clone, designated pJO120, harbored a pUC19 plasmid with a 3.1-kb insert including the 1.9-kb mini-Tn10(Km) sequence. To sequence the DNA adjacent to the mini-Tn10(Km) insertional point, a sub-clone (pJO1201) in which one of the identical IS10 ends of the transposon was deleted was constructed. This enabled the use of a DNA sequencing primer (5Ј-TTTACCAAAATCATT AGGGG-3Ј) complementary to the remaining IS10 sequence. The deduced amino acid sequence of the gene interrupted by the transposon contained 74% identity and, in view of the conserved amino acid substitutions, 85% similarity within the 119 codons sequenced to the spoT gene previously identified in E. coli (33) (Fig. 1) . Furthermore, alignment of the obtained sequence to the spoT gene of E. coli showed that the presumed reading frame had been interrupted at a codon corresponding to approximately codon 360 in the E. coli spoT sequence (Fig.  1) . The E. coli spoT gene encodes a protein that is 703 amino acids long, and therefore, the interruption at codon 360 suggests that 51% of the presumed spoT reading frame was uninterrupted. The insertionally destroyed allele was designated csrS1, and consequently, strain J109 herein is also referred to as the csrS1 strain.
Transfer of the csrS::Tn10d(Km) allele into a Vibrio sp. strain S14 wild-type background. In order to study the biological effects of the mutation caused by the mini-Tn10 insertion in strain P10 without any interference from the csi-5::MudI (lac) fusion and other possible genotypic rearrangements, the csrS::Tn10d(Km) allele was transferred into the Vibrio sp. strain S14 wild type. The EcoRI insert was excised from pJO120 and ligated into pGP704 to construct pJO709, which was transformed into E. coli SM10 pir . E. coli SM10 pir carrying pJO709 was conjugated with Vibrio sp. strain S141, and transconjugants (recombinants) were isolated on LB20 plates by simultaneously selecting for kanamycin resistance and streptomycin resistance. To verify a double-crossover event, several transconjugants (recombinants) were subjected to colony hybridization in two replicas using two different probes, one specifically recognizing pGP704 DNA (full length) and the other specific for the Km gene of the mini-Tn10(Km) transposon (1.5-kb NotI fragment of pLOF/Km). One strain, designated J109, was found to be Km positive but negative for the pGP704 vector DNA, indicating that a double-crossover event had taken place. Southern analysis using the mini-Tn10(Km) probe, hybridized to two different restriction digests (PvuII and EcoRI) of the genomic DNAs from strains P10 and J109, verified that the mini-Tn10 insertion in strain J109 was identical to that of strain P10 (data not shown).
Cellular levels of ppGpp. The high similarity of the csrS gene of Vibrio sp. strain S14 to the spoT gene of E. coli is particularly intriguing. The activity of SpoT, i.e., the dephosphorylation of the signal molecule guanosine 3Ј,5Ј-bispyrophosphate (ppGpp), is inversely related to, and/or complemented by, a ppGpp synthetase activity particularly in response to glucose starvation (15, 39) . Assuming that the csrS gene is a homolog of the spoT gene in E. coli, and in view of failed attempts to create a spoT null mutant in the E. coli wild-type background (39) , it is likely that the csrS1 strain retains some SpoT activity. This argument is reasonable in light of findings that more than half of the putative spoT equivalent reading frame of the csrS1 strain remained intact (see above). To determine whether the presumed SpoT activity of Vibrio sp. strain S14 was altered in the csrS1 strain, the ppGpp content was monitored during log phase as well as during the initial phase of carbon starvation as previously described (8) .
The basal level of ppGpp during logarithmic growth of the csrS1 strain was found to be 42.0 Ϯ 14 pmol per unit of optical density at 610 nm (OD 610 ) (Fig. 2) . This is considerably higher than the basal level in the wild type, which previously has been measured to be 11.2 Ϯ 2.2 pmol OD 610 unit Ϫ1 (8) . As in the wild type, a burst of ppGpp accumulation coincided with glucose exhaustion in the csrS1 strain, but, while the amplitude of the ppGpp peak in the wild type previously has been found to be approximately 500 pmol OD 610 unit Ϫ1 (8), it was found to be higher than 600 pmol OD 610 unit Ϫ1 in the csrS1 strain. These data are reminiscent of what previously was found in a run-out experiment with E. coli (6) . However, the means of measuring and expressing the amount of ppGpp in relation to the OD of the sample was found to be incorrect, as the morphology and light scattering ability of the csrS1 cells were altered in comparison with the wild-type cells (see Fig. 3 ). One OD 610 unit of a logarithmically growing csrS1 culture corresponds to 1.17 Ϯ 0.08-fold more cells than 1 OD unit of the wild-type culture. Moreover, the mean cell volume of the growing csrS1 cells was 1.41 Ϯ 0.13 times greater than the mean volume of the corresponding wild-type cells. If ppGpp measurements are rectified by taking the above differences into account and estimating the intracellular concentrations of ppGpp, a somewhat different picture emerges. The ppGpp level detected in growing csrS1 cells still proved to be higher than that in wild-type cells but only by a factor of approximately 2.1. However, the apparently higher amplitude of the ppGpp peak observed immediately after glucose exhaustion in the csrS1 culture was now estimated to be approximately 1.3-fold lower compared with wild-type cells.
A regression analysis of the datum points obtained in the declination phase reveals that ppGpp levels out at a slower rate in the csrS1 strain compared with the wild-type strain (Fig. 2) . The csrS1 cells undergo a relatively faster decrease in cell volume, in relation to the change in the OD of the culture, than do the wild-type cells during the first hours of starvation. The actual rate of the ppGpp declination is therefore slower than indicated in Fig. 2 . It is not certain whether this delayed decrease reflects a slower degradation rate, since it remains to be determined whether ppGpp declination following the initial burst is due to a change in synthesis or a change in degradation rate in wild-type cells. However, recent studies of several different spoT deletion mutants of E. coli suggest that the first half of the polypeptide is sufficient for dephosphorylation activity (ppGppase) whereas ppGpp synthetase activity requires some C-terminal amino acids for optimal activity (9) . On the basis of this information it is likely that the csrS1 strain is severely impaired in ppGpp synthetase activity and, to a minor extent, in the ppGppase activity of the presumed SpoT equivalent encoded by the csrS gene.
The generation times in marine minimal medium at 28ЊC were found to be 75 Ϯ 3 and 65 Ϯ 3 min for the csrS1 strain and the wild-type strain, respectively. This observation is in accordance with the somewhat higher ppGpp level found during logarithmic growth of the csrS1 strain, as it has previously been demonstrated for E. coli that the ppGpp level is inversely correlated to the mass of the translational apparatus and, hence, the potential growth rate at any given time (14, 20) .
Morphological divergences. One of the characteristic starvation responses of Vibrio sp. strain S14 is the reductive division leading to starvation-and stress-resistant ultramicrocells (29) . This response was studied by direct microscopic observations. Morphological differences between the wild type and the csrS1 strain during growth and carbon starvation whereby the csrS1 cells were always shorter and wider than the wild-type cells were observed (Fig. 3) . The reason for these effects is not known, but, in view of the slow growth rate and assuming that the rate of DNA replication is not affected, the csrS1 cell will not grow as long as the wild type before division and therefore probably appears more spherical. Alternatively, the spherical morphology might be due to a more specific mechanism related to the role of the bolA gene in E. coli. This gene is   FIG. 2. Alterations in the ppGpp level (closed symbols) and growth curves (open symbols) for the wild-type Vibrio sp. strain S14 (circles) and strain J109 carrying the csrS1 mutation (squares) before and after glucose exhaustion. Time of entry into stationary phase corresponds to 0 h. Cellular ppGpp was extracted and quantified by ion pair reverse-phase high-performance liquid chromatography as previously described (8) . One OD 610 unit corresponds to cells in a 1-ml cell suspension of an optical density of 1, measured at 610 nm (LKB/Pharmacia Novaspec II). The wild-type ppGpp measurements have previously been published and are here plotted for comparative purposes.
FIG. 3.
Morphological observations during logarithmic growth (log) and carbon starvation (1, 2.5, and 24 h) for the wild-type Vibrio sp. strain S14 and strain J109 carrying the csrS1 allele. The lengths and widths of the nondividing cells of each strain at different time points are represented graphically. The cells were killed by the addition of formaldehyde, to a final concentration of 4%, and cell morphology was observed, after heat fixation and staining with crystal violet, with a light microscope. Photographs were projected on a screen, allowing for accurate cell size measurements. At least 100 cells were measured in each sample, and data are expressed as means for two such samples Ϯ standard errors.
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on July 7, 2017 by guest http://jb.asm.org/ required for the formation of coccoid morphology in stationary phase, and its expression is controlled from an inversely growth rate-dependent gearbox promoter (1, 2). The regulation of this promoter, bolA1p, is dependent on the sigma factor s /rpoS (23), whose synthesis is stimulated by ppGpp (10) . Assuming that a gene equivalent to bolA exists in Vibrio sp. strain S14, the elevated ppGpp level of the growing csrS1 cells may augment bolA expression and cause corresponding morphological alterations.
Viability. The csrS1 strain exhibited a significant loss in viability during carbon starvation. The viability was reduced by a factor of at least 100, in comparison with the wild type, during the first 8 days after the onset of carbon starvation (Fig. 4) . By monitoring the direct count (acridine orange), it was determined that the major loss of viability was not caused by cell lysis (data not shown). In this experiment, the starvation regimens were stored in glass flasks positioned on the laboratory bench top under the light of normal fluorescent tube lamps. However, when the same experiment was performed with the starvation regimens stored in complete darkness, no alteration in viability was observed for either the P10 strain or the csrS1 strain (data not shown). Clearly, the inability to survive carbon starvation was due to difficulties in the development of starvation-induced protection against the stress imposed by visible light. It has been shown that visible light can generate photoproducts that yield an oxidative stress with negative effects on gram-negative bacteria (3). Hydrogen peroxide (H 2 O 2 ) is one of the photochemically generated products, and bacteria normally protect themselves by producing detoxifying enzymatic systems such as superoxide dismutase and catalases. We interpret these data as indicative of the failure of the csrS1 strain to mobilize detoxifying enzymatic systems, DNA repair systems, or chaperone-related functions which have been shown to be induced by carbon starvation in bacteria (13, 17, 31) .
Regulation of carbon starvation-specific responses. csi-5 appears not to be induced in the csrS1 background, which contains somewhat lower levels of ppGpp than the wild type upon glucose starvation. It might therefore be proposed that the up-regulation of the operon to which csi-5 belongs is dependent on the ppGpp synthesis mediated by the presumed Vibrio spoT equivalent (csrS). However, this is probably not the case, as measurements of ppGpp accumulation upon glucose starvation of the Vibrio sp. strain S14 relA mutant show that ppGpp assumed to be synthesized by the equivalent of E. coli SpoT makes a very small contribution to the amplitude of the ppGpp peak seen directly after glucose exhaustion (8) , when normally csi-5 is induced. This conclusion is also supported by previous results demonstrating that the csi-5 gene is not induced when the ppGpp level is increased as a result of amino acid starvation (40) .
Although it has been found that many carbon starvationinduced proteins are under the control of RelA (and hence ppGpp) for full induction (28, 36) , the data presented here demonstrating the failure of the csrS1 strain to develop stress protection during starvation despite the burst and accumulation of ppGpp imply that signals in addition to ppGpp are needed. This reasoning is further supported by data obtained from stress experiments with the Vibrio sp. strain S14 relA mutant (8) . This strain is severely impaired in ppGpp synthesis and yet shows few, if any, anomalies in terms of survival rate subsequent to exposure to various stress conditions (8) . Furthermore, while amino acid starvation triggers ppGpp synthesis, it does not promote development of functions related to survival under conditions of carbon source and energy depletion (8) . Since the E. coli SpoT protein may detect differences between carbon or energy source depletion and amino acid starvation (15, 39) , it is postulated that the putative spoT equivalent, csrS, may mediate a carbon starvation-specific signal to play a pivotal role as a regulator of the adaptation to carbon starvation. It remains to be assessed whether the altered LacZ expression of strain P10 and/or the reduced survival phenotype of the csrS1 strain is a direct consequence of the interruption of the csrS gene or if possible polar effects on the expression of nearby genes are of any significance. Vector systems available for complementation studies in the marine Vibrio sp. strain S14 should be developed to address these questions.
The inability of the csrS1 strain to acquire the resistance necessary to withstand light exposure may also appear to be explained by an indirect metabolic effect. Overproduction of ppGpp in E. coli is known to affect expression of genes by a general decrease in translational efficiency (14) . If the reduced declination rate of ppGpp after the onset of carbon starvation of the csrS1 strain prolongs the decrease in the rate of protein synthesis, full induction of a crucial carbon starvation-induced protein may be disallowed and hence prevent the sequential starvation response. However, this does not explain why the csi-5 operon is not induced in the csrS1 background while the csi-5::MudI(lac) fusion is induced immediately after glucose exhaustion (40) , when the amount of ppGpp in the csrS1 strain is close to the wild-type levels.
In addition to the proposed specific role for the csrS gene product in mediating a successful adaptation to carbon starvation, it remains to be elucidated whether the enzymatic activities, related to ppGpp metabolism, of the gene product encoded by the csrS gene are also directly involved in regulating this response. Two-dimensional gel electrophoresis analysis of the carbon starvation response in the csrS1 and relA mutant of Vibrio sp. strain S14 most likely would provide more detailed information on these questions.
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